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We study the dynamial behavior of a square lattie Ising model with exhange and dipolar
interations by means of Monte Carlo simulations. After a sudden quenh to low temperatures we
nd that the systemmay undergo a oarsening proess where stripe phases with dierent orientations
ompete or alternatively it an relax initially to a metastable nemati phase and then deay to the
equilibrium stripe phase through nuleation. We measure the distribution of equilibration times for
both proesses and ompute their relative probability of ourrene as a funtion of temperature and
system size. This peuliar relaxation mehanism is due to the strong metastability of the nemati
phase, whih goes deep in the low temperature stripe phase. We also measure quasi-equilibrium
autoorrelations in a wide range of temperatures. They show a distint deay to a plateau that we
identify as due to a nite fration of frozen spins in the nemati phase. We nd indiations that
the plateau is a nite size eet. Relaxation times as a funtion of temperature in the metastable
region show super-Arrhenius behavior, suggesting a possible glassy behavior of the system at low
temperatures.
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I. INTRODUCTION
It is well known that the usual long range order hara-
teristi of a ferromagneti phase dominated by exhange
interations an be destroyed by the presene of dipo-
lar interations induing the formation of magneti do-
mains
1
. In some ases, typially when perpendiular
anisotropy is present, the dipolar interations are anti-
ferromagneti in harater and ompete with the ferro-
magneti exhange interations
2,3
giving rise to antifer-
romagneti or stripe phases. These phases are ommon
in ferromagneti thin lms with perpendiular anisotropy
and have been the subjet of intense experimental
4,5,6,7,8
,
theoretial
9,10,11
and numerial
12,13,14,15,16,17
work in the
last 20 years. In the strong anisotropy limit an ultrathin
lm an be modeled by a system of magneti dipoles
on a square lattie in whih the magneti moments are
oriented perpendiular to the plane of the lattie, with
both nearest-neighbor ferromagneti exhange intera-
tions and long-range dipole-dipole interations between
moments. The thermodynamis of this system is ruled
by the dimensionless Ising Hamiltonian:
H = −δ
∑
<i,j>
σiσj +
∑
(i,j)
σiσj
r3ij
(1)
where δ stands for the ratio between the exhange J0 > 0
and the dipolar Jd > 0 interations parameters, i.e.,
δ = J0/Jd. The rst sum runs over all pairs of near-
est neighbor spins and the seond one over all distint
pairs of spins of the lattie; rij is the distane, measured
in rystal units, between sites i and j. The energy is mea-
sured in units of Jd. The equilibrium phase diagram of
this system has been extensibly studied
12,13,15,16
, while
several dynamial properties at low temperatures were
studied in
18,19,20,21
. The threshold for the appearane
of the stripe phase in this model is δc = 0.425
12,16
. For
δ > δc the system presents a sequene of striped ground
states, haraterized by a onstant width h, whose value
inreases exponentially with δ3,12.
In
13
it was shown that in the range 1 ≤ δ ≤ 3 the
system presents a rst order phase transition between
a low temperature stripe phase and a high temperature
tetragonal phase with broken translational and rotational
symmetry. In a subsequent work
14
it was shown that
for a narrow window around δ = 2 the model shows
an intermediate nemati phase, between the stripe and
tetragonal ones, where the system has short range po-
sitional order but long range orientational order. The
nemati phase exists between two ritial temperatures
T1 < T < T2. For nite sizes these are atually pseudo
ritial temperatures T1(L) and T2(L), with nite en-
ergy barriers between phases. The extrapolation to the
thermodynami limit gives T1(∞) ≈ 0.772 and T2(∞) ≈
0.79714. For L ∼ 50 (L = 48 − 56) we an estimate
2T1(L) and T2(L) as the average between the positions of
the minimum of the umulant and the maximum of the
spei heat, so T1(50) ≈ 0.78 and T2(50) ≈ 0.81. For
the range of system sizes onsidered (L ∼ 50) the energy
barriers between the nemati and the tetragonal phases
are rather small, while the barriers between the stripe
and the nemati phases are very large
14
. Hene, under a
ooling from high temperature no metastable tetragonal
states are observed, but we see a strong metastability in
the nemati phase. This an be observed in Fig.19 of
Ref.
14
. Although metastability strongly resembles a rst
order phase transition, we were not able to determine the
nature of the stripe-nemati transition unambiguously:
while the nemati order parameter presents a jump at T1
and the free energy barriers seem to diverge in the ther-
modynami limit, the internal energy is ontinuous at the
transition and the peak in the spei heat tends to satu-
rate
14
. Further MC simulations showed that the nemati
phase is present also for other values of δ 6= 2 in dier-
ent parts of the phase diagram, mainly around the phase
borders between striped states of dierent widths
16
.
Here we study the out of equilibrium dynamial prop-
erties of the two dimensional Ising model with exhange
and dipolar interations desribed by the Hamiltonian (1)
with δ = 2. We performed quenhes of the system from
initial onditions at high temperatures diretly to the
stripe phase (Tf ≤ T1). Our main result is the identia-
tion of two kinds of proesses: a slow oarsening towards
a metastable nemati phase followed by nuleation of the
stripe phase in a bakground of the metastable nemati
and also diret oarsening of the stripe phase without an
intermediate nuleation proess (see Fig.1). In eah real-
ization the system hooses one of both paths to the nal
stripe phase with probabilities that depend on the nal
temperature of the quenh. We omputed these prob-
abilities from Monte Carlo simulations and then using
arguments from homogeneous nuleation theory, nite
size saling analysis and known growth laws for ritial
dynamis we were able to haraterize ompletely both
kinds of proesses in the whole temperature range below
the stripe-nemati transition.
We also made slow ooling experiments, similar to
those already disussed in
14
and whih show strong hys-
tereti behavior in the energy. We onrm that hys-
teresis is assoiated with a strong metastability of the
nemati phase, while the tetragonal phase shows neg-
ligible metastability in the energy under ooling. Fi-
nally, (quasi-)equilibrium autoorrelation funtions ob-
tained for a whole range of temperatures between the
tetragonal and the stripes phases show slow relaxation
haraterized by strethed exponential deay. In the
stripe phase the relaxation times obtained from the au-
toorrelations exhibit a strong growth whih an be well
tted by a Vogel-Fulher-Tamman relation, similar to the
behavior of fragile glass formers, with a relatively high (
T0 ≃ 0.45) divergene temperature.
In Setion II we desribe the quenh experiments and
the assoiated phenomenology. In Setion III the slow
ooling experiments and the behavior of the equilibrium
orrelations are disussed. In Setion IV we present a
disussion of results and brief onlusions.
II. RELAXATION AFTER A QUENCH FROM
HIGH TEMPERATURE: INTERPLAY BETWEEN
COARSENING AND NUCLEATION
We performed quenhes from innite temperature
(ompletely random initial onguration) down to tem-
peratures T < T1. We also ompared with the ase
where the initial onguration is taken from an equili-
brated state at temperatures T ∼ 1. The results were
the same.
The typial relaxation behavior an be appreiated in
Fig.1, where we plotted the time evolution of the instan-
taneous energy per spin E(t)/N for two dierent realiza-
tions of the stohasti noise, together with typial spin
ongurations along the evolution. We see that the sys-
tem an relax through two dierent types of mehanisms.
In Fig.1a the system relaxes rst into a metastable ne-
mati state, where it stays during a long time τ , after
whih suddenly relaxes to the equilibrium striped state.
In other words, there is a two-step relaxation: rst a
oarsening proess, where domains of the nemati phase
ompete (horizontal and vertial stripe orientations), fol-
lowed by a nuleation of the stable phase (we will verify
this quantitatively later). In Fig.1b the system form do-
mains of both the stable (striped) and metastable (ne-
mati) phases that ompete and relax diretly to the
equilibrium state through a oarsening proess. Both
types of relaxation proesses an happen with ertain
probability whih depends on the temperature. To ana-
lyze quantitatively these proesses we omputed the equi-
libration time probability distribution.
The equilibration time τ is dened as the time (in
Monte Carlo Steps, MCS) that the system takes to reah
the stable, rystallike striped state after a quenh. The
riterium to determine τ was the following. For eah
quenh temperature T < T1 we alulated the equilib-
rium energy per spin histogram along a large single MC
path starting from the ground state. This histogram
presents two gaussianshaped peaks, eah one entered
at the averages ustr(T ) and udis(T )
14
. Between the
two peaks the histogram presents a nite minimum (at
least for a nite system), assoiated with the free en-
ergy barrier that separates both phases. We also mea-
sured the standard deviation of the low energy peak
assoiated with the striped phase σstr(T ) and dened
emin(T ) = ustr + σstr , verifying that it is well below
the entral minimum of the histogram; emin is almost
independent of the system size for L ≥ 32, so it an
be easily alulated using small system sizes. Then for
eah quenh we alulated the average energy per spin
e(t) ≡ 〈H〉 /N . When e(t) fell bellow emin we stopped
the simulation dening e(τ) = emin (see Fig.1). Repeat-
ing this proedure we obtained the probability distribu-
3FIG. 1: Time evolution of the energy per spin in a single MC run (δ = 2, L=52 and T = 0.65) for two dierent realizations of
the stohasti noise. Some snapshots of the spin ongurations at dierent times are shown below the gures. (a) Competition
between nemati domains (oarsening), that leads to a metastable nemati state, followed by an ativated relaxation to the
striped state (equilibration through nuleation); (b) Competition between nemati and striped domains (oarsening) that leads
diretly to equilibration.
tion (normalized frequeny) P (τ) of the stohasti vari-
able τ for dierent values of T and L.
The above mentioned relaxation mehanisms are re-
eted in a harateristi two-peak struture in P (τ),
eah one entered at typial values orresponding to well
dierent time sales, as shown in Figs.2 and 3. This prob-
ability distribution an be very well tted using a super-
position of two lognormal funtions (see Figs.2 and 3)
P (ln τ) = P1(ln τ) + P2(ln τ) with
Pi(ln τ) = Ai exp
(
(ln τ − µi)2
2 σ2i
)
i = 1, 2 (2)
where Ai are normalization onstants. Using these t-
tings we an see in Fig. 4 that the harateristi time
sales of both peaks inreases as T dereases.
These ttings also allowed us to estimate the averages
〈τ〉i = exp
(
µi + σ
2
i /2
)
, i = 1, 2, assoiated with eah
proess. Both averages inrease with L, so we an use
nite size saling analysis to determine the nature of the
assoiated proesses.
FIG. 2: (Color online) Normalized frequeny P (τ ) vs ln τ
for δ = 2, T = 0.65 and dierent system sizes. The lines
orrespond to a tting with a superposition of two log-normal
distributions. Sample size for the histograms were ∼ 2× 104.
4FIG. 3: (Color online) Normalized frequeny P (τ ) vs ln τ
for δ = 2, T = 0.77 and dierent system sizes. The lines
orrespond to a tting with a superposition of two log-normal
distributions Eqs.(2). Sample sizes for the histograms run
between ∼ 4× 103 (L = 44) to ∼ 5× 104 (L = 16).)
FIG. 4: Fitted probability distribution P (τ ) as a funtion of
ln τ and T for δ = 2 and L = 24.
A. Finite size saling of the equilibration times
Suppose that the relaxation is ompletely governed by
a ompetition between ground state domains, that is, by
a urvature driven relaxation of the domain walls. The
exess of energy respet to the ground state is given by
δe = γn, γ being the "surfae" tension per unit length
of the domain walls and n the fration of spins belonging
to them; n is approximately given by n ≃ bNd(t)l(t)/N ,
where Nd(t) is the average number of domains, l(t) is the
average linear size of the domains and b is a geometrial
fator. UsingNd ∝ N/l2(t) and grouping all these fators
FIG. 5: (Color online) 〈τ 〉
1
vs. L from two log-normal ttings
Eqs.(2)
we get δe ∼ l−1(t). For δ = 2 the energy distribution of
the striped phase is very narrow and lies very near the
ground state, so the riterium e(τ) = emin implies δe≪
1, ondition that is attained when l(τ) ∼ L. Sine for a
heat bath dynamis with non-onserved order parameter
(lass A system) we an assume l(t) ∼ t1/2 we expet the
saling 〈τ〉 ∼ L2. We veried that 〈τ〉1 ∼ L2 for a wide
range of values of T and L (see an example in Fig.5),
thus onrming that P1(τ) is assoiated with a simple
oarsening proess.
Now suppose that relaxation is governed by an homo-
geneous nuleation proess. Aording to lassial nule-
ation theory 〈τ〉 follows approximately an Arrhenius law
〈τ〉 = τ0 exp (∆(L, T )/T ), ∆(L, T ) being the height of
the free energy barrier to nuleation. In a nite two
dimensional system
22 ∆(Tm) ∼ L, Tm being the melting
temperature; in our ase Tm = T1. In an innite sys-
tem below the melting point, lassial nuleation theory
predits that ∆(T ) ≡ ∆(∞, T ) is given by the exess of
free energy of a ritial droplet with average linear size
ξ(T ) of the ordered (striped) phase inside the disordered
(nemati) metastable state. Thus, if L ≫ ξ(T ) the free
energy barrier is expeted to be almost independent of
the system size when T < Tm. But, if L < ξ(T ), the
droplet never reahes the ritial size and the exess of
free energy is dominated by surfae tension. Hene, the
transition to the rystal phase will our when the rystal
droplet reahes the system size and therefore we expet
∆(L, T ) ∼ L and ln 〈τ〉 ∼ L/T . Fig.6 shows that 〈τ〉2
follows suh saling, suggesting its identiation with the
average nuleation time τnucl. However, due to the pro-
edure we used to obtain it, 〈τ〉2 atually orresponds to
the rystallization time, whih is not neessarily equal to
τnucl, beause after the reation of a ritial droplet it
follows a growth proess until the whole system reahes
the rystal phase (for the rather small system sizes we
5FIG. 6: (Color online) Estimated free energy barrier
∆(L, T ) ≈ T ln
`
〈τ 〉
2
´
vs. L for dierent temperatures. The
dashed lines orrespond to a sigmoidal tting. The inset
shows the extrapolated free energy barrier ∆(T ) = ∆(∞, T )
vs. T . The error bars are shown only when larger than the
symbol size.
onsidered we an assume that there is only one ritial
droplet). Hene, 〈τ〉2 = τnucl + τgrowth. However, we
an expet τgrowth ∼ Ln, so τnucl ≫ τgrowth, at least
as far as L is large enough that we are in the saling
regime, but small enough so that the free energy bar-
rier still depends on L. Under these onditions 〈τ〉2
give us a good approximation of τnucl and we an esti-
mate ∆(L, T ) ≈ T ln 〈τ〉2 up to logarithmi orretions.
Then, by tting the urves of Fig.6 using a sigmoidal
funtion ∆(L, T ) = ∆(T )/ (1 + exp (L∗(T )− L)/c(T ))
(L∗(T ), ∆(T ) and c(T ) are tting parameters) we an
extrapolate ∆(T ) = limL→∞∆(L, T ). The extrapolated
urve ∆(T ) is shown in the inset of Fig.6. We see that
∆(T ) grows strongly as T → T−1 , while it appears to
present a minimum around T = 0.5, or at least to sat-
urate in a onstant value as T → 0. This is ompatible
with the results in
14
obtained from a dierent analysis
where it was found a divergent free energy barrier at the
transition temperature T1 in the thermodynami limit.
For quenh temperatures T < 0.5 very large relaxation
times make it very diult to obtain reliable numerial
results. For future analysis we list in Table I the approx-
imated tted values of 〈τ〉2 for dierent values of L and
T .
We also alulated the relative probability of our-
rene of nuleation and oarsening proesses
φ(T ) ≡ Pnucl
Pcoars
=
∫∞
−∞
P2(ln τ)d(ln τ)∫∞
−∞
P1(ln τ)d(ln τ)
=
σ2 A2
σ1 A1
(3)
in the range 0.5 ≤ T < T1. In Fig.7 we see that φ(T )
dereases monotonously with T . It seems to diverge as
T → T−1 and L → ∞, while beoming almost indepen-
dent of L for T < 0.6, saturating in a onstant value
FIG. 7: (Color online) Relative probability Eq.(3) vs. T for
δ = 2 and dierent values of L.
φ ≈ 0.5. This shows that nuleation dominates the relax-
ation near the melting point, while oarsening beomes
dominant for deep quenhes, although there is always a
nite and relatively high (∼ 1/3) probability of nule-
ation.
III. RELAXATION AFTER A SLOW COOLING
A. Energy
We rst analyze the behavior of the average energy
per spin during a slow ooling; that is, we rst equili-
brate the system at some temperature T0 > T2 and then
derease the temperature down to a nal value Tf ≪ T1
aording to the linear protool T (t) = T0 − r t, where r
is the ooling rate, t is in MCS and the average is taken
over several runs between T0 and Tf . In Fig.8 we show
an example. We see that below some value of r the en-
ergy urve beomes almost independent of r. In Fig.9
we ompare the ooling urves with the orresponding
heating urve; this last urve is alulated by perform-
ing a linear heating from the ground state, starting at a
very low temperature. We also ompare the urves with
the equilibrium values obtained in Ref.
14
. These results
verify that (for this range of system sizes) metastability
in the tetragonal-nemati transition is negligible, while
there is a strong metastability assoiated with the stripe-
nemati transition. Notie that the metastable ooling
urve has an inetion point around T = 0.5 and falls
down; although it does not reah the equilibrium value
for T < 0.5, this inetion point suggests the existene
of a spinodal temperature around T = 0.5. Moreover,
from Table I we see that for L ∼ 50 the nuleation time
is τnucl ∼ 4×106 MCS; then, for a ooling rate r = 10−7,
the time elapsed from the instant at whih the temper-
ature T = T1 to the instant orresponding to a nal
6T = 0.60 T = 0.65 T = 0.70 T = 0.75 T = 0.77
L = 32 ∼ 1.3× 106 ∼ 5.4× 105 ∼ 2.8× 105 ∼ 1.6× 105 ∼ 2.0× 105
L = 36 ∼ 2.4× 106 ∼ 1.1× 106 ∼ 5.7× 105 ∼ 3.3× 105 ∼ 4.7× 105
L = 40 ∼ 3.4× 106 ∼ 2.0× 106 ∼ 1.1× 106 ∼ 8.0× 105 ∼ 1.0× 106
L = 44 ∼ 5.3× 106 ∼ 3.0× 106 ∼ 2.0× 106 ∼ 1.4× 106 ∼ 1.6× 106
L = 48 ∼ 6.6× 106 ∼ 4.4× 106 ∼ 3.3× 106 ∼ 2.1× 106
TABLE I: 〈τ 〉
2
for dierent values of L and T .
FIG. 8: (Color online) Average energy per spin in a ooling
from T = 0.9 (δ = 2andL = 48) for dierent ooling rates.
temperature around T = 0.5 will be t = ∆T/r ∼ τnucl.
Therefore, for that range of temperatures we would ex-
pet that in a large fration of the realizations the system
would have already equilibrated. Indeed, the results of
Fig.10 verify this assumption. Moreover, the traking of
typial spin ongurations for those realizations were the
system did not equilibrate below T = 0.5 shows that a-
tually the system is no longer in a nemati state; instead
of that, it got stuk in another metastable state, with a
mixture of stripes with widths h = 2 and h = 3. Atually
the h = 3 striped phase beomes metastable preisely for
that range of temperatures
16
. This behavior reinfores
the hypothesis of the existene of a spinodal tempera-
ture Tsp ≈ 0.5. Also the behavior of the orientational
order parameter observed in Fig.19 of Ref.
14
supports it.
B. Correlations
We now analyze the two-times orrelation funtion
C(tw, tw + t) =
1
N
∑
i
〈Si(tw) Si(tw + t)〉 (4)
after a ooling from high temperature to a xed tempera-
ture T < T2. In this ase we performed the ooling with
FIG. 9: (Color online) Average energy per spin ooling-
heating urves (δ = 2 and L = 48).
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FIG. 10: (Color online) Energy per spin ooling urves: indi-
vidual realizations (δ = 2 and L = 48).
a ladder protool, that is, we redued the temperature
by steps of ∆T = 0.01, letting the system to equilibrate
during 104 MCS at eah intermediate temperature. On
the average, this orresponds to a ooling rate r = 10−6.
One we arrived to the measuring temperature (and af-
ter another 104 MCS) we set t = 0 and we saved the
7FIG. 11: (Color online) Two-times orrelation funtion
C(tw, tw + t) as a funtion of t for δ = 2, L = 48 and dier-
ent waiting times tw, after a quasi-stati ooling at T = 0.78.
Sample size for average was 150
initial onguration. The autoorrelations (4) were then
measured as a funtion of t and tw and the whole urve
was averaged over dierent realizations of the stohasti
noise, starting always from the same initial onguration
(this is to save CPU time). Some hek repeating the
alulation starting from dierent initial ongurations
(all obtained with the same ooling protool) showed no
dierene with the previous one.
First of all we analyzed a ooling down to a tempera-
ture T1(L) < T < T2(L), whih orresponds to the stable
region of the nemati phase. From Fig.11 we see that
C(tw, tw + t) = C(t), as expeted in a stable phase. We
also notied that the orrelations do not deay to zero
but to a plateau Cplateau ≈ 0.37. We will disuss the
meaning of that plateau later.
In Fig.12 we show the same alulation, but for a tem-
perature T < T1(L). Both t and tw were hosen suh that
t + tw ≪ τnucl. We see that again C(tw, tw + t) = C(t),
onsistently with the expeted quasi-stationary nature of
a metastable state. We also see that the orrelation also
displays the harateristi plateau observed in the stable
nemati state.
In Fig.13 we show C(t) for T = 0.7 and L = 48 in a
very long run with t up to 2×107 MCS. Comparing with
table I we see that the seond deay in the orrelation
oinides with the average nuleation time.
In Fig.14 we show C(t) for L = 36 and dierent ooling
temperatures. We see that the plateau appears for any
temperature, but beomes higher in the nemati ase.
What is the origin of the plateau? In Fig.15 we show
Cplateau as a funtion of L for dierent temperatures. For
temperatures in the tetragonal liquid region, we see that
for large enough sizes the plateau deays as 1/
√
N , as
expeted in a disordered state. However, for small sizes
the plateau is independent of L and the rossover size
inreases as the temperature approahes T2. One we
FIG. 12: (Color online) Two-times orrelation funtion
C(tw, tw + t) as a funtion of t for δ = 2, L = 48 and dier-
ent waiting times tw, after a quasi-stati ooling at T = 0.7.
Sample size for average was 350
FIG. 13: Correlation funtion C(t) as a funtion of t for δ = 2,
L = 48 and dierent waiting times tw, after a quasi-stati
ooling at T = 0.7. Sample size for average was 80
FIG. 14: (Color online) Correlation funtion C(t) as a fun-
tion of t for δ = 2 and L = 36 after a quasi-stati ooling at
dierent nal temperatures.
8FIG. 15: (Color online) Correlation funtion plateau Cplateau
as a funtion of L for δ = 2 and dierent temperatures.
are in the nemati phase (either stable or metastable)
the plateau for small sizes beomes independent of T
(at least for a range of temperatures where the relative
probability of nuleation is high, see Fig. 7) and it is
roughly equal to 1/3. Sine in a stationary state the un-
onneted orrelations we are onsidering here behave as
C(t) ∼ 1N
∑
i 〈Si〉2, this result shows that in the nemati
state one third of the spins remain in a frozen state for
small system sizes. Assuming then that the nemati state
in a nite system is haraterized by this residual orre-
lation, we an dene a normalized orrelation funtion
C′(t) as
C′(t) ≡ (C(t)− Cplateau)
(C(1)− Cplateau) (5)
where C′(t) = 0 haraterizes the equilibrium nemati
state (either stable or metastable) . In Fig.16 we see
the typial behavior of C′(t) for dierent temperatures
from above T2 down to temperatures well below T1. Also
C′(t) exhibit dierent behaviors above and below T2. For
temperatures above T2 the urves are very well tted (see
Fig.16) by a modied strethed exponential funtion of
the type
f(t) = A tωe−(t/τ)
γ
(6)
This fat is peuliar of the tetragonal liquid state: it
does not exhibit exponential deay, even at relatively
high temperatures. This behavior is observed also for
δ = 1. For temperatures below T1, C
′(t) exhibit two
dierent regimes, as an be appreiated more learly in
Fig.17. At short times C′(t) is again well tted by a
funtion of the type Eq.(6). For times longer that some
rossover time, C′(t) enters into a pure strethed expo-
nential regime, i.e., the best t is obtained by a funtion
of the type
f(t) = A e−(t/τ)
γ
(7)
FIG. 16: (Color online) Normalized orrelation funtion
Eq.(5) as a funtion of t for δ = 2 adn L = 36, after a quasi-
stati ooling at dierent temperatures. The ontinuous lines
for temperatures above T2 orrespond to ttings using Eq.(6).
FIG. 17: Normalized orrelation funtion Eq.(5) as a fun-
tion of t for δ = 2, after a quasi-stati ooling at T = 0.78.
The ontinuous and dashed lines orrespond to ttings using
Eqs.(6) and (7) respetively.
Finally, we analyzed the temperature dependene of
the relaxation time τ . Sine there is too muh uner-
tainty in tting a urve with three parameters, instead
of onsidering τ we dened another orrelation time τ∗
as the time at whih C′(τ∗) = 0.1. In Fig.18 we see
an Arrhenius plot of τ∗ for dierent system sizes. The
dashed lines in the gure orrespond to ts using a Vogel-
Fulher-Tamman (VFT) form
τ∗ = τ0 exp
(
A
T − T0
)
(8)
whih is usually assoiated with the behavior of relax-
ation times in a fragile glass-former, aording to Angell's
lassiation
23
. The tting values of T0 for the dierent
system sizes are shown in Table II. We also show the
9L T0 K
36 0.41± 0.025 1.20 ± 0.4
48 0.40± 0.015 1.25 ± 0.3
60 0.44± 0.075 2.10 ± 0.8
TABLE II: Fitting values of T0 and the fragility parameter
K ≡ T0/A for the relaxation time τ
∗
as a funtion of the
superooling temperature using a VFT form.
FIG. 18: (Color online) Relaxation time τ∗ vs. 1/T for δ = 2
and dierent system sizes. The dashed lines orrespond to
ttings using VFT form. The vertial line orresponds to
1/T1
fragility parameter K ≡ T0/A, whih show very high val-
ues around K ≈ 1. It is worth mentioning that the data
of Fig.18 an also be tted with a power law of the type
τ∗ = A |T − T0|−b. However, the best tting is obtained
with the VFT form Eq.(8).
Notie the strong dependene of τ∗ with L for the range
of sizes here onsidered. In Fig.19 we show τ∗ as a fun-
tion of L for a xed temperature in the metastable region.
We see that τ∗ beomes independent of L for sizes larger
than L ∼ 80, whih oinides with the rossover value
observed for the plateau, suggesting the same origin for
both nite size eets.
IV. DISCUSSION AND CONCLUSIONS
The main result of this work is the observation of inter-
play between nuleation and oarsening whih appears to
be a novel feature. In other words, oarsening happens
usually as a ompetition between domains of dierent
stable phases. In the present ase both diret oarsen-
ing of the stripe phase and nuleation of the same phase
on a nemati bakground an happen with a probabil-
FIG. 19: Relaxation time τ∗ vs. L for δ = 2 and T = 0.7.
ity that depends on the nal temperature. Nuleation
proesses are assoiated with a strong metastability of
the nemati phase. If the nal temperature Tf < T1
is not too far below the stripe-nemati transition tem-
perature the probability of nuleation is high: during
the quenh the system initially relaxes to the nemati
phase, whih is metastable below T1 until nally it de-
ays through nuleation to the equilibrium stripe phase.
For nal temperatures deep in the stripe phase simple
oarsening proesses between stripe states with dierent
orientation have larger probability of ourrene than nu-
leation. Although no detailed theory is available for
prediting this behavior in the whole temperature range,
lassial arguments assuming homogeneous nuleation,
oarsening with a non-onserved order parameter and -
nite size saling give a reasonably good interpretation
of all the observed phenomenology. The origin of this
interplay may rely in the fat that the stable and the
metastable phases share the same orientational symme-
try, so we an have domains with stripes (or piees of
stripes) that an be oriented along the same diretions of
the square lattie substrate in both phases.
Quasi-equilibrium autoorrelations in the stable and
metastable nemati regions show a plateau whose nature
is not ompletely lear. For temperatures where the ne-
mati phase is only metastable, this plateau appears in a
nite time window until a nal deay for times t ≥ τnucl.
For temperatures in the equilibrium nemati phase the
behavior is more subtle. Although in a rst approxima-
tion one ould onsider it to be a distint harateristi
of the nemati phase, in whih a fration of the spins re-
main pratially frozen, we got indiations that for the
larger sizes the height of the plateau begins to diminish,
signalling a possible nite size origin. One possibility is
that the fration of frozen spins in the nemati phase di-
minish with system size, in whih ase the plateau will
eventually disappear for sizes large enough. More work is
needed to larify the behavior of equilibrium relaxations
in large samples.
The present results also onrm the existene of the
10
intermediate nemati phase, as observed in equilibrium
simulations in
14,16
; all the dynamial observations are in
agreement with the reported equilibrium results. In fat,
a nemati phase with quasi-long-range order is expeted
to be generi in isotropi systems with ompeting inter-
ations
24
. Reent analyti results on a ontinous version
of the present system show the presene of an isotropi-
nemati transition whih is in the Kosterlitz-Thouless
universality lass, while the stripe phase with true po-
sitional long range order turns out to be unstable for
ontinous and isotropi systems in d = 224 in the thermo-
dynami limit, at variane with the disrete model stud-
ied here. Nevertheless, it is important to note that, al-
though truly unstable in the thermodynami limit, stripe
domains grow already in the paramagneti phase with
dereasing temperature
25
and may be relevant for ob-
servations in nte size systems, like in simulations for
example. In the present ase, the stability of the low
temperature stripe phase may be due to the symmetry
breaking eet of the lattie and the sharp nature of the
Ising domain walls. A unied interpretation of the nature
of the transitions in the disrete and ontinous models is
still laking.
A nal important point onerns the strong inrease
observed in the stationary relaxation time τ∗ in the
metastable nemati phase. Although a spinodal insta-
bility annot be exluded, the strethed exponential re-
laxation and the super Arrhenius behavior of τ∗(T ) point
to an inreasing ooperative and glassy behaviour of the
dynamis. Indeed, a very similar behavior in a related
model, namely the Coulomb frustrated model in 3d, has
been interpreted as an evidene of fragile glass forming
phenomenology
26
. Reent experimental results on Fe on
Cu(100) ultrathin lms
8
have suggested the possibility of
a stripe-liquid to stripe-glass transition in the viinity of
the stripe ordering temperature. Stripe-glassy behaviour
an be interpreted within the Frustration Limited Do-
main Theory
27
or the Random First Order Transition
28,29
senarios. We have not attempted a quantitative
omparison with either theory, whih remains as subjet
of future work.
V. ACKNOWLEDGMENTS
This work was partially supported by grants from
CONICET, FONCyT grant PICT-2005 33305 , SeCyT-
Universidad Naional de Córdoba (Argentina), CNPq
and CAPES (Brazil), and ICTP grant NET-61 (Italy).
∗
Eletroni address: annasfamaf.un.edu.ar
†
Eletroni address: miheloni.uniamp.br
‡
Eletroni address: starioloif.ufrgs.br
§
Eletroni address: tamaritfamaf.un.edu.ar
¶
Researh Assoiate of the Abdus Salam International Cen-
tre for Theoretial Physis, Trieste, Italy
1
A. Hubert and R. Shafer, Magneti Domains (Springer-
Verlag, Berlin, 1998).
2
P. Politi, Comments Cond. Matter Phys. 18, 191 (1998).
3
A. Giuliani, J. L. Lebowitz, and E. H. Lieb, Physial Re-
view B 74, 064420 (2006).
4
R. Allenspah, M. Stamponi, and A. Bishof, Phys. Rev.
Lett. 65, 3344 (1990).
5
A. Vaterlaus, C. Stamm, U. Maier, M. G. Pini, P. Politi,
and D. Pesia, Phys. Rev. Lett. 84, 2247 (2000).
6
Y. Wu, C. Won, A. Sholl, A. Doran, H. Zhao, X. Jin, and
Z. Qiu, Physial Review Letters 93, 117205 (2004).
7
C. Won, Y. Wu, J. Choi, W. Kim, A. Sholl, A. Doran,
T. Owens, J. Wu, X. Jin, H. Zhao, et al., Phys. Rev. B 71,
224429 (2005).
8
O. Portmann, A. Vaterlaus, and D. Pesia, Phys. Rev.
Lett. 96, 047212 (2006).
9
Y. Yafet and E. M. Gyorgy, Phys. Rev. B 38, 9145 (1988).
10
D. Pesia and V. L. Pokrovsky, Phys. Rev. Lett. 65, 2599
(1990).
11
A. Abanov, V. Kalatsky, V. L. Pokrovsky, and W. M.
Saslow, Phys. Rev. B 51, 1023 (1995).
12
A. B. MaIsaa, J. P. Whitehead, M. C. Robinson, and
K. De'Bell, Phys. Rev. B 51, 16033 (1995).
13
S. A. Cannas, D. A. Stariolo, and F. A. Tamarit, Phys.
Rev. B 69, 092409 (2004).
14
S. A. Cannas, M. Mihelon, D. A. Stariolo, and
F. A. Tamarit, Phys. Rev. B 73, 184425 (2006), URL
http://link.aps.org/abstrat/PRB/v73/e184425 .
15
E. Rastelli, S. Regina, and A. Tassi, Phys. Rev. B 73,
144418 (2006).
16
S. A. Pighin and S. A. Cannas, Physial Re-
view B (Condensed Matter and Materials
Physis) 75, 224433 (pages 9) (2007), URL
http://link.aps.org/abstrat/PRB/v75/e224433 .
17
M. Carubelli, O. V. Billoni, S. Pighin, S. A. Cannas, D. A.
Stariolo, and F. A. Tamarit, Phys. Rev. B 77, 134417
(2008).
18
L. C. Sampaio, M. P. de Albuquerque, and F. S.
de Menezes, Phys. Rev. B 54, 6465 (1996).
19
J. H. Toloza, F. A. Tamarit, and S. A. Cannas, Phys. Rev.
B 58, R8885 (1998).
20
D. A. Stariolo and S. A. Cannas, Phys. Rev. B 60, 3013
(1999).
21
P. M. Gleiser, F. A. Tamarit, S. A. Cannas, and M. A.
Montemurro, Phys. Rev. B 68, 134401 (2003).
22
J. Lee and J. M. Kosterlitz, Phys. Rev. B 43, 3265 (1991).
23
C. A. Angell, K. L. Ngai, G. B. M. Kenna, P. F. M. Millan,
and S. W. Martin, Journal of Applied Physis 88, 3113
(2000).
24
D. G. Bari and D. A. Stariolo, Physial Re-
view Letters 98, 200604 (pages 4) (2007), URL
http://link.aps.org/abstrat/PRL/v98/e200604 .
25
R. Mulet and D. A. Stariolo, Physial Re-
view B (Condensed Matter and Materials
Physis) 75, 064108 (pages 12) (2007), URL
http://link.aps.org/abstrat/PRB/v75/e064108 .
26
M. Grousson, G. Tarjus, and P. Viot, Phys. Rev. E 65,
065103 (2002).
11
27
G. Tarjus, S. A. Kivelson, Z. Nussinov, and P. Viot, Jour-
nal of Physis: Condensed Matter 17, R1143 (2005).
28
J. Shmalian and P. G. Wolynes, Phys. Rev. Lett. 85, 836
(2000).
29
H. Westfahl Jr, J. Shmalian, and P. G. Wolynes, Phys.
Rev. B 64, 174203 (2001).
